We determine the relationship between the depolarization properties of inhomogeneous particles and the statistical parameters of their internal refractive-index distributions. Our analysis demonstrates that the linear depolarization ratio of backscattered light by an inhomogeneous particle is approximately proportional to both the squared standard deviation and the squared correlation length of the particle's internal refractive-index distribution. We verify this result by conducting rigorous numerical studies using the finitedifference time-domain method. This improved understanding of light depolarization by inhomogeneous structures may enhance polarization-based biomedical optical imaging techniques. Understanding polarized light propagation in inhomogeneous media is essential for applications in areas such as biomedical optical imaging. Extensive studies have been devoted to investigating the polarization state of light after multiple scattering events, i.e., the scrambling effect. 1 A number of researchers have investigated the depolarization effect of nonspherical and inhomogeneous particles.
Understanding polarized light propagation in inhomogeneous media is essential for applications in areas such as biomedical optical imaging. Extensive studies have been devoted to investigating the polarization state of light after multiple scattering events, i.e., the scrambling effect. 1 A number of researchers have investigated the depolarization effect of nonspherical and inhomogeneous particles. 2 The importance of this type of investigation is twofold. First, the linear or circular depolarization ratio can potentially be used to characterize the particle's nonsphericity and inhomogeneity since a homogeneous spherical particle does not change the polarization state of backscattered light. Second, understanding the depolarizing effect of single nonspherical and inhomogeneous particles is essential for improvement of the analysis of light scattering by random media.
In this Letter we investigate the depolarization effect of dielectric particles with complex internal structures. The polarized light-scattering properties of such particles have significant relevance to applications in optical tissue diagnosis and imaging on the subcellular level, such as polarized light-scattering spectroscopy 3 and polarized reflectance microscopy. 4 We systematically investigate the depolarization effect of a wide variety of inhomogeneous particles with complex internal structures. Both our numerical experiments and theoretical analysis demonstrate that the backscattered linear depolarization ratio is directly associated with the statistical parameters of the particle's internal geometry, including the standard deviation of the refractive index and the correlation length of the inhomogeneity. Our numerical study is based on the finitedifference time-domain (FDTD) method, 5 which solves the Maxwell's equations numerically and therefore provides accurate benchmark data for light-scattering problems involving complex particle geometries. 6 We adopt a stochastic model, the Gaussian random field (GRF) model, 7 to describe the geometry of the complex internal structure of inhomogeneous particles. dent that n describes the magnitude of refractiveindex variability, whereas L c characterizes the size of the internal features of the particle.
The geometries of the GRF-synthesized inhomogeneous particles are imported to the FDTD grid with a staircasing scheme with 25-nm resolution. We use the pure scattered-field scheme 5 to excite an impulse x -polarized plane wave propagating in the ẑ direction within the FDTD grid. The scattered-field frequency response for a 500-1000-nm incident wavelength range is extracted by means of a discrete Fourier transform from the time-domain data recorded on the near-field surfaces and normalized by the spectrum of the source pulse. A modified three-dimensional near-to-far field transformation 8 in the phasor domain is implemented to calculate the far-field scattered wave in the backward direction for both copolarized ͑E ʈ ͒ and cross-polarized ͑E Ќ ͒ responses. Figure 2 shows three representative results of our numerical experiments. In each example the spatial distribution of the particle refractive index in one cross-sectional cut is displayed on the left, and the backscattered intensities in both polarizations (I ʈ and I Ќ ) calculated with the FDTD method are graphed on the right. Ignoring the oscillatory structures caused by resonance in the backscattered spectra, it is clear that the overall level of I Ќ , and therefore linear depolarization ratio ␦ l ϵ I Ќ / I ʈ , increases as L c and n become larger.
The following analysis provides an interpretation of the dependence of the depolarization effect on the geometric parameters of inhomogeneous particles. Here we assume an inhomogeneous spherical particle centered at r = 0 being illuminated by incident light linearly polarized along the x axis and propagating along the ẑ direction. Similar to the WentzelKramers-Brillouin analysis, 6, 7 we start our analysis by examining the optical path and the associated phase change of a specific light ray entering the particle at position ͑r , ͒ and exiting at ͑r , + 180°͒ projected to the x -ŷ plane. Then the r -ẑ plane becomes the plane of propagation of the light ray. We split both the incident field E i and the far-field backscattered field E s into the parallel component E a and
spect to the propagation plane. The total backscattered field is the summation of the contributions from all the light rays with 0 ഛ ഛ 2. The combination of scattered fields associated with two orthogonal scattering planes with = 0 and = 0 + /2 is given by E st ͑r , 0 ͒ = E s ͑r , 0 ͒ + E s ͑r , 0 + /2͒. Since E a,e ͑r , ͒ = E e,a ͑r , + /2͒, we have E a,st ͑r , ͒ = ͕s 2 ͑r , ͒ + s 1 ͓r , + ͑ /2͔͖͒E a,i and E e,st ͑r,͒ = ͕s 1 ͑r , ͒ + s 2 ͓r , + ͑ /2͔͖͒E e,i . Thus the cross-polarized ͑ŷ ͒ component of scattered field E Ќ,st ͑r , ͒ is given by
Total cross-polarized intensity I Ќ can be expressed as ϰ͉͐ 0 D/2 ͐ 0 E Ќ,st ͑r , ͒rdrd͉ 2 . If a particle is azimuthally symmetrical, then S 1,2 ͑r , ͒ = S 1,2 ͓r , + ͑ /2͔͒, and thus E Ќ,st = 0. This does not hold generally, however, for internally inhomogeneous particles. Because of the variation of the refractive index within the particle, photons propagating in scattering planes defined by azimuth angles and + ͑ /2͒ travel different optical paths and therefore have a phase difference of ⌬f. To account for this effect, we write s 1,2 ͓r , + ͑ /2͔͒ Ϸ s 1,2 ͑r , ͒exp͑i⌬f͒. Therefore the linear depolarization ratio, defined as ␦ l ϵ I Ќ / I ʈ , can be estimated as
͑2͒
Note that phase difference ⌬f is proportional to the optical path-length difference of the light rays; i.e., ⌬f = ͑2 / ͒͐⌬ndl, where ⌬n is defined as ⌬n ϵ n͑͒ − n͓ + ͑ /2͔͒, and the integration is performed over the path of the photon. Since internal refractive index n can be considered constant within correlation length L c , the integration can be replaced by a summation as ⌬f Ϸ͑2 / ͚͒ i N ⌬n i L c , where N =2D / L c . If the standard deviation of ⌬f satisfies
the exponential in expression (2) can be expanded in ⌬f, and the expectation of the second integral in expression (2) can be estimated as
To further simplify expression (2), we estimate
Substituting the above expressions into expression (2), we obtain
where C is a constant independent of the distribution of the internal refractive index. Note that this expression for ␦ l results from expanding the exponential in expression (2) to its first-order term. Following a similar approach, we can obtain the second-order term in the expansion of ␦ l as ␦ l ͑2͒ ϰ −6 3 ͑L c n / ͒ 4 . This term is always negative and tends to be small if L c n / Ͻ1. Therefore, for a wide range of inhomogeneous particles, ␦ l is proportional to both n 2 and L c 2 according to expression (4) .
Expression (4) provides an explicit expression for associating backscattered linear depolarization ratio ␦ l of an inhomogeneous particle with the statistics of its internal structure. This relation agrees with the observation from the numerical results presented in Fig. 2 . It is further substantiated by our comprehensive numerical experiments conducted on a wide variety of inhomogeneous dielectric spheres. Figure 3 summarizes our FDTD numerical results for 20 inhomogeneous dielectric spheres with L c ranging from 0.05 to 1.2 µm and n / ͑n 0 −1͒ ranging from 0.05 to 0.36. Here we plot ␦ l averaged over the 500-1000-nm incident wavelength range against the geometric parameter ␤ ϵ C͑2 / 2 ͒͑L c n ͒ 2 in a logarithmic scale to cover a wide range for both parameters. Constant C in expression (4) is chosen empirically as C =12 to give the best linearity. The 20 data points are plotted with symbols representing different L c and grayscale levels corresponding to different n for each particle geometry. We also cross reference three data points with their corresponding backscattered spectra shown in Figs. 2(a)-2(c) . The relationship given in expression (4) is plotted as a dashed line to compare against the data points. The reasonable data fitting confirms the validity of expression (4); i.e., ␦ l ϰ ͑2 / 2 ͒͑L c n ͒ 2 for the first order of approximation. In summary, our analytical and numerical investigation has demonstrated that the linear depolarization ratio of light backscattered from inhomogeneous particles is approximately proportional to both the squared standard deviation and squared correlation length of internal refractive-index distribution. This relation provides us with a straightforward means to quantify the depolarization effect of inhomogeneous particles. It may also assist the analysis and characterization of particle microstructures using polarized light scattering or imaging techniques. This study was supported by National Science Foundation grants BES-0238903 and ACI-0219925. The computational resources were provided by the National Science Foundation Teragrid under grant MCB040062N.
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